to a red, vertical stripe that spans from 10 to 300 Hz (32) .
To demonstrate EMG recording in a mode in which conventional devices are particularly ill suited, an EES mounted on the throat can monitor muscle activity, noninvasively, during speech ( fig. S5A) (27) . Here, recordings collected during vocalization of four words ("up," "down," "left," and "right"), repeated 10 times each ( fig. S6 ) exhibit distinctive patterns, as in Fig. 4D . Measurements from another set of words ("go," "stop," and "great") (figs. S5B and S7) suggest sufficient structure in the signals for recognizing a vocabulary of words. These capabilities create opportunities for EES-based human/machine interfaces. As an example, dynamic time-warping patternrecognition algorithms applied to throat-based EMG data (Fig. 4D ) enable control of a computer strategy game (Sokoban), as illustrated in Fig.  4E . The classifications occur in less than 3 s on a dual-core personal computer running codes in MATLAB (MathWorks, Natick, MA), with an accuracy of >90% (fig. S8).
As a human/machine interface, EEG data offer additional promise. EES mounted on a region of the forehead that is first prepared by exfoliating the stratum corneum with Scotch tape yields reproducible, high-quality results, as demonstrated in alpha rhythms recorded from awake subjects with their eyes closed ( fig. S9A) (27) . The expected feature at~10 Hz appears clearly in the Fourier-transformed data of Fig. 4F , left. The spectrogram of Fig. 4F , center, shows similar signatures. This activity disappears when the eyes are open. The signal-to-noise ratios are comparable with those obtained in otherwise identical experiments that used conventional, rigid bulk electrodes with conductive coupling gels. In further demonstrations, EEG measured with EES reveals well-known cognitive phenomena such as the Stroop effect (33, 34). In these experiments, subjects randomly presented with congruent or incongruent ( fig. S9B ) colored words whisper the color (not the word) as quickly as possible. The data show that the motor responses pertaining to the whispering are manifested by two peaks at~650 ms (congruent case) and~1000 ms (incongruent case), as shown in Fig. 4F , right. The time delay implies that the congruent stimuli require fewer cognitive resources and are quicker to process than are the incongruent ones, which is consistent with the literature (33, 34).
Conclusions. The materials and mechanics ideas presented here enable intimate, mechanically "invisible," tight and reliable attachment of high-performance electronic functionality with the surface of the skin in ways that bypass limitations of previous approaches. Many of the EES concepts are fully compatible with smallscale integrated circuits that can be released from ultrathin-body silicon-on-wafer substrates. For long-term use, materials and device strategies to accommodate the continuous efflux of dead cells from the surface of the skin and the processes of transpiration will be needed. Current flu vaccines provide only limited coverage against seasonal strains of influenza viruses. The identification of V H 1-69 antibodies that broadly neutralize almost all influenza A group 1 viruses constituted a breakthrough in the influenza field. Here, we report the isolation and characterization of a human monoclonal antibody CR8020 with broad neutralizing activity against most group 2 viruses, including H3N2 and H7N7, which cause severe human infection. The crystal structure of Fab CR8020 with the 1968 pandemic H3 hemagglutinin (HA) reveals a highly conserved epitope in the HA stalk distinct from the epitope recognized by the V H 1-69 group 1 antibodies. Thus, a cocktail of two antibodies may be sufficient to neutralize most influenza A subtypes and, hence, enable development of a universal flu vaccine and broad-spectrum antibody therapies.
I nfluenza viruses cause millions of cases of severe illness each year, thousands of deaths, and considerable economic losses. Currently, two main countermeasures are used against flu. First, small-molecule inhibitors of the neuraminidase surface glycoprotein and the viral ion channel M2 have been widely used and proven to be quite effective against susceptible strains (1). However, resistance to these antivirals has reduced their effectiveness, and mutations associated with oseltamivir and amantadine are widespread (2) (3) (4) (5) . However, predicting which strains will dominate annually is difficult, and mismatches between the vaccine and circulating viruses lead to little or no protective effect (6, 7) . A vaccine that stimulates production of a robust, broadly neutralizing antibody response would be a considerable advance.
Hemagglutinin (HA) is the major envelope glycoprotein of influenza A viruses and the target of almost all neutralizing antibodies. HA is synthesized as an immature polypeptide chain called HA0, which is activated upon cleavage by host proteases to yield two subunits, HA1 and HA2. The HA1 "head" subunit of HA mediates attachment of the virus to target cells through interactions with sialic acid receptors. After endocytosis of the virus, the low pH triggers conformational changes in HA2, leading to fusion of the viral and endosomal membranes and release of the viral genome into the cytoplasm. Most neutralizing antibodies bind to the exposed loops that surround the receptor binding site and interfere with attachment (8) (9) (10) (11) (12) . Because these loops are highly variable, antibodies targeting these regions are strain-specific, explaining why immunity after natural exposure or vaccination is typically restricted to the current circulating strains.
Recently, we described the isolation and characterization of CR6261, a broadly neutralizing antibody with activity against group 1 influenza viruses (13) (14) (15) . Similar antibodies using the same V H 1-69 germline heavy chain have also been reported (16, 17) . The discovery of such antibodies has raised hopes for the development of monoclonal antibody (mAb)-based immunotherapy and a universal vaccine (18) (19) (20) (21) (22) (23) (24) (25) (26) . Crystal structures of CR6261 in complex with H1 and H5 HAs revealed a highly conserved epitope in the HA stalk (13) . CR6261 neutralizes most group 1 HAs, including H1, H5, H9, and some H2s, but has no activity against group 2 viruses (14). Group 2 includes the currently circulating human H3 and avian H7 viruses, which sporadically cross from birds into humans and have the potential to develop into a future pandemic. Consequently, antibodies complementary to CR6261 and related V H 1-69 antibodies, but with broad activity against group 2 viruses, are critical for the formulation of antibody-based therapies. CR8020 activity in vitro. Using a recently described method to generate stable mAbproducing, B cell receptor-positive, human memory B cells, we isolated H3 HA reactive clones from the blood of donors recently vaccinated against influenza (27) . Subsequent screening of the resulting immunoglobulins (Igs) for reactivity with other HA subtypes led to identification of mAb CR8020, which recognizes H3 and H7 HAs, as well as representative HAs from other group 2 subtypes, but not group 1 HAs (Fig. 1 , A and C). In this sense, CR8020 is complementary to previously described mAbs, such as CR6261, which neutralizes most group 1 HAs (14) but not group 2 HAs (Fig. 1 , A and C). CR8020 binds most group 2 HAs with high affinity, including H3 isolates spanning 50 years of virus evolution [dissociation constant (K d )~1 to 35 nM for H3, H7, and H10 HAs] (Fig. 1C) . Consistent with binding to an apparently highly conserved epitope, CR8020 potently neutralizes a wide spectrum of H3 influenza strains as well as H7 and H10 viruses (Fig. 1B) (28) . In contrast, a control mAb against the HA1 head neutralizes only a narrow spectrum of H3 viruses (table S1) .
Efficacy of CR8020 in vivo. Prophylaxis using 3 mg/kg CR8020 protected mice against challenge with a high, lethal dose of either mouseadapted H3N2 or H7N7 virus (Fig. 2, A and B) . Consistent with the absence of any signs of respiratory distress, groups of H3N2-challenged mice that received 30, 10, or 3 mg/kg CR8020, and H7N7-challenged mice receiving 10 or 3 mg/kg CR8020 all showed increases in body weight at the study's end (Fig. 2, A and B) (29) . In contrast, animals that received an irrelevant control antibody rapidly lost weight, showed signs of respiratory distress, and succumbed to infection or were euthanized within 2 weeks after challenge. A 1 mg/kg dose was only partially protective against mortality to either virus (Fig. 2, A and B) , and the weight loss was not significantly different from the controls (P = 0.666 and P = 0.633 for groups challenged with H3N2 and H7N7 virus, respectively). Therapeutic treatment with 15 mg/kg of CR8020 up to 2 days after infection with H3N2 completely prevented mortality, whereas 50% of the mice treated 3 days after infection were protected (Fig. 2C) . Treatment with CR8020 could be started even later after H7N7 challenge because 100% of the mice treated 3 days after infection and 50% treated 4 days after infection survived, although one animal treated 2 days after challenge succumbed to infection (Fig. 2D ). Therapeutic treatment did not prevent morbidity as illustrated by initial weight loss, but all surviving animals appeared healthy and were regaining weight at the study's end.
CR8020-H3 HA crystal structure. To elucidate how mAb CR8020 can neutralize multiple group 2 influenza virus subtypes, we determined the crystal structure of CR8020 Fab in complex with the HA from the 1968 H3N2 pandemic [A/Hong Kong/1/1968 (H3N2), "HK68"] at 2.85 Å resolution (table S2) . The overall structure of the HK68 HA in the complex (Fig. 3A) is similar to those of other unliganded H3s (30), although some subtle pH-induced changes are discussed below (31) .
Fab CR8020 binds HK68 HA at the base of the stem in close proximity (~15 to 20 Å) to the viral membrane (Fig. 3, A and B) (32) , which is lower down the stalk than any other flu antibody characterized to date (Fig. 4A) . Despite its proximity to the viral membrane, this epitope is accessible on virions ( fig. S1 ), which is in accord with the in vitro and in vivo potency of this mAb. The epitope consists of two main components: (i) the outermost strand (HA2 residues 30 to 36) of the 5-stranded b sheet near the base of the stalk and (ii) the C-terminal portion (HA2 residues 15 to 19) of the fusion peptide (Fig. 3B) , as well as a few peripheral contacts with other surrounding residues (33). Compared with CR6261, CR8020 recognizes its epitope in a more conventional manner, using both heavy and light chains (Fig. 3, C and D) . A total surface area of 1280 Å 2 is buried, of which 81% arises from binding of the heavy chain and 19% from the light chain. The fusion peptide component accounts for~50% of the van der Waals contacts between Fab and HA and is specifically recognized by heavy chain complementarity determining regions (HCDRs) 1 and 3, where Phe 32 (HCDR1) and Trp 100c (HCDR3) make many of the key hydrophobic interactions (Fig. 3C) . HCDR3 also interacts extensively with the outermost strand of the b sheet, in a pseudo b-strandlike interaction with HA2 residues 32 to 36 (fig. 1KEN) ; pink, BH151 (PDB code 1EO8). mAb F10 (PDB code 3FKU) and CR6261 bind the same epitope in the stem, but only CR6261 is illustrated here for clarity. (B) Comparison of the broadly neutralizing CR8020 and CR6261 epitopes, which constitute discrete surfaces on group 2 and group 1 HAs, respectively. Coloring is similar to that in (A), with CR8020 epitope in red, CR6261 epitope in dark blue, and shared epitope residues in yellow. (C) Conservation of CR8020 epitope across group 2 HAs. Residues comprising the epitope are shown as sticks (carbon in light pink, oxygen in red, and nitrogen in blue). Percent identity with the group 2 consensus sequence is indicated alongside each residue. The residue label reflects the most common residue across group 2 HAs, which is not always identical to the residue at that position in the HK68 crystal structure. View is similar to that of (B), looking from the Fab (not shown) toward the epitope. (D) Location of CR8020 epitope residues in the prefusion and (E) postfusion states, in which they reside on critical regions of the fusion peptide and helix-capping loops of HA2. For (D) and (E), CR8020 epitope residues are indicated as spheres, with green mapping to the fusion peptide and N-cap region. Additional contact residues are purple (HA2) and gray (HA1, not present in available postfusion structures). Residue positions were mapped onto the structures from PDB codes 1QU1 and 2KXA.
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on August 24, 2011 www.sciencemag.org S2). Together, the CR8020 interactions with the fusion peptide and edge of the b-sheet account for >80% of the van der Waals contacts and six out of seven hydrogen bonds.
CR8020 binds an epitope on the HA stem. The crystal structures of CR6261 and F10 revealed a neutralizing epitope on the HA stem that is conserved and accessible in most group 1 influenza viruses (13, 17) . However, an N-linked glycosylation at HA1:Asn 38 in most group 2 HAs may restrict antibody access to this epitope. Consequently, antibodies with broad neutralizing activity against group 2 viruses would be expected to recognize an epitope that is spatially distinct from that recognized by CR6261. Indeed, of the 15 and 20 residues that constitute the epitopes targeted by CR8020 and CR6261, respectively, only two residues (Asp 19 and Leu
38
) are in common (Fig. 4, A and B) . Thus, CR8020 defines a second, neutralizing epitope in the HA stem that is present in all group 2 HAs tested thus far.
To investigate the breadth of CR8020's crossneutralizing activity, we examined the epitope conservation across all 16 influenza A virus subtypes by examining all full-length, nonredundant HA sequences in the National Center for Biotechnology Information Flu database (34, 35). Around half of the contact residues are either identical (>95%, HA2 residues 16, 33, 35, and 36) or conserved (>99%, HA2 residues 18, 30, and 146) across all 16 subtypes (Fig. 4C and tables S3 and S4) (36), whereas other contact residues are conserved only across group 2 (>95% identity, HA2 25; >99% conserved, HA1 325 and HA2 15 and 19). Thus, 11 of 15 residues contacting CR8020 are >99% conserved across all group 2 HAs, whereas the remaining residues are more variable (HA2 32, 34, 38, and 150 are conserved in only~56 to 81% of isolates) (Fig. 4C  and table S3 ). However, virus neutralization and in vitro binding data suggest that most natural variation is well tolerated by CR8020 (Table 1) . Essentially, all natural variation in the epitope commonly observed in group 2 viruses is represented in the extensive panel of wild-type H3, H4, H7, H10, H14, and H15 isolates and engineered variants of HK68 that were tested for binding and/or neutralization ( Table 1 and Fig. 1 , B and C). CR8020 binds nearly all of these naturally occurring HA variants with high affinity (K d~1 to 10 nM), similar to the HAs from group 2 viruses that are neutralized by CR8020 (~1 to 35 nM). However, one variant (Asp 19 Asn) correlates with markedly reduced affinity and loss of neutralizing activity in vitro and is discussed below. Overall, these results show that the core of the CR8020 epitope is highly conserved across all group 2 viruses, whereas natural variation in the surrounding residues is well tolerated and does not adversely affect binding and most likely neutralization.
The structural constraints imposed by the membrane fusion activity enforce strict conservation of many regions of HA2. To understand why the CR8020 contact residues are so well conserved in group 2 viruses, we examined their potential role in membrane fusion. The fusion peptide (HA2 1 to 25) is critical for membrane fusion and is nearly invariant across all influenza A viruses ( fig. S3) (37, 38) . The fusion peptide adopts an unusually tight, helical-hairpin conformation (34), which provides an elegant, structural explanation for conservation of most residues, including CR8020 contact residues HA2 16 and 18 (Fig. 4, C to E, and fig. S4A ). After exiting the membrane and traversing a short linker region, residues close to HA2:31-38 cap the ends of the long, three-helix bundle of the post-fusion structure (Fig. 4, D and E, and fig. S4 , A and B), constraining the identity of the amino acids in the cap, which are thought to make a substantial energetic contribution to the membrane fusion process (39). Therefore, elements of the CR8020 epitope probably have critical roles in driving the fusion process.
Group 2 restriction and antibody escape. Asn mutation also escaped neutralization by CR8020 (table S5 and S6 ). This mutation disrupts a possible salt bridge to V L Arg 53 , presumably leading to destabilization of the antibody-HA interaction (40). The Gly 33 Glu mutation inserts a large side chain into a highly confined space in the antibody-antigen interface. However, both variants are relatively rare in influenza A viruses ( fig. S5 ), particularly in human isolates. Glycine is strongly preferred at position 33 (8716/8720 sequences, group 1 and 2 HAs), whereas position 19 is an Asp in~95% of all group 2 viruses and in 1534 of 1537 human H3 viruses (41). Whether these mutations negatively affect viral fitness is not known, but other antibodies may recognize the CR8020 epitope in subtly different ways that would render them less sensitive to these substitutions. Notwithstanding, our results suggest that CR8020 will neutralize most viruses from H3, H7, and H10 subtypes, and possibly H15 (42).
Two avian group 2 subtypes (H4 and H14) are bound by CR8020 with only moderate affinity (Table 1) , and neutralization of an H4 virus was undetectable in vitro (43). The H4 and H14 isolates tested differ from HK68 at two contact positions (Glu 15 Gln and Gln 34 Thr), and each substitution confers a modest reduction (~10-fold) in CR8020 affinity for HK68 (Table 1 ) (44). Thus, reduced affinity of CR8020 for H4 and H14 can largely be accounted for by the combined effect of these mutations, but subtle structural Table 1 . Most natural variation in CR8020 epitope in group 2 HAs has little effect on binding. K d , presence of a glycosylation site at HA1 position 21 (predicted to block binding in group 1 HAs), and protein sequence of CR8020 contact residues are shown. Data presented here include targeted mutants of HK68 and wild-type isolates selected to probe the impact of natural variation in epitope on CR8020 activity. Wildtype HK68 is included at the top, as a reference. The bottom row summarizes the most common naturally occurring variants at each position (present in at least >1% of all group 2 sequences), with tested variants in bold and underlined. Residues that differ from the HK68 sequence are in black boxes.
*Indicates whether HA tested is wild type (wt) or a mutant.
†Presence (+) or absence (-) of an NX(T/S) glycosylation motif on Asn 21 . Glycosylation of this site is predicted to block CR8020 binding in group 1 HAs. The glycosylation site is absent from all group 2 HAs analyzed, including those tested above. 
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Although the HA surface recognized by CR8020 is also relatively well conserved in group 1 viruses, no group 1 viruses tested were bound or neutralized (table S7) . Several key differences in group 1 HAs may account for lack of CR8020 reactivity. First, the Gln or Thr that predominates at position 34 in group 2 HAs is substituted by a bulkier Tyr in many group 1 subtypes and would likely clash with HCDR3. CR8020 binding to a nonnatural, Gln 34 Arg HK68 variant is reduced by more than a factor of 100, further suggesting that larger residues cannot be accommodated. Second, group 1 HAs have a highly conserved N-linked glycosylation site at HA1:Asn 21 (5801/5813 group 1 sequences analyzed), which is adjacent to CR8020 HCDR1 ( fig. S6) . In most configurations, the glycan would conflict with CR8020 V H and probably interfere with antibody binding (45). Lastly, several individual substitutions in CR8020 contact residues that modestly reduce affinity (by a factor of 5-10) are combined in group 1 isolates and may reduce binding below our detection threshold (~10 uM) ( Table 1 and table S7) .
Mechanism of neutralization. Unlike most HA antibodies, which block attachment, CR8020 has no detectable activity in hemagglutinationinhibition (HAI) assays and does not compete with antibodies against the head, which is consistent with CR8020 binding to the stalk region. With the exception of HA1 residue 325, the CR8020 epitope maps entirely to HA2. Upon exposure to low pH, HA2 undergoes extensive conformational rearrangements, bringing the viral and target membranes into close proximity and triggering fusion (Fig. 4, D and E) (39, 46) . Consequently, CR8020 is poised to inhibit these conformational changes, blocking membrane fusion and viral entry. Whereas CR8020 binds readily to cell surface-expressed H3 HAs in both its uncleaved (HA0) and cleaved (HA) forms, it did not bind after HA exposure to a pH of 4.9 ( Fig.  5A) , which is in agreement with previous findings that the epitope structure is not maintained in the fusion-active conformation (46, 47) . When CR8020 was added before the pH shift, it remained bound after the pH was lowered (Fig.  5B) , indicating that the epitope remains intact at low pH and suggesting that CR8020 inhibits the pH-induced conformational changes in HA. Moreover, CR8020 prevented dithiothreitol (DTT)-mediated dissociation of HA1 and HA2 at low pH (48) , which would only be expected if the HA was retained in the prefusion state. Similar results were obtained with H7 and H10 HAs, indicating that the mechanism of inhibition is conserved ( fig. S7) .
Further evidence that this mAb acts by inhibiting conversion from the prefusion to postfusion conformation is illustrated by lack of protease susceptibility of the HA at low pH in the presence of CR8020. Exposure to low pH followed by trypsin digestion results in complete degradation of H3 and H7 HAs (Fig. 5C, lanes  1 to 4) . In contrast, when the HA is pretreated with CR8020, most HA is retained in a proteaseresistant, prefusion form (Fig. 5C, lanes 5 to 8) . Furthermore, the crystals used for the structural studies were grown below pH 5.4, which is the fusion pH for HK68 HA ( fig. S8) (49) . Nevertheless, the HA is retained in its prefusion state, even after extended exposure to low pH. However, the HA1 heads have opened up slightly, and the B loop adopts an alternate backbone conformation as compared with neutral pH structures. The head opening is believed to be one of the first steps in the membrane fusion process, and the B loop must refold from an extended random coil to an a helix to deliver the fusion peptide to the target membrane. Thus, our crystal structure appears to have captured an early fusion intermediate (50) , trapped by the binding of CR8020. Taken together, our data suggest that CR8020 blocks fusion by sequestering the fusion peptide and preventing its release at low pH.
Furthermore, CR8020 may interfere with fusion by inhibiting activation of HA0 by host proteases. Whereas HA0 was rapidly cleaved by trypsin in vitro into HA1 and HA2, this cleavage was completely inhibited in the presence of CR8020 but not by a control, head-binding mAb (Fig. 5D) . Thus, blocking HA0 maturation to HA1/HA2 may represent an additional mechanism by which mAbs can block viral entry.
Implications for therapy and vaccines. Influenza A viruses responsible for human pandemics have arisen from both group 1 (H1N1 and H2N2) and group 2 (H3N2) viruses (Fig. 1A) . In addition, zoonotic viruses from both groups sporadically infect humans and have the potential to trigger future pandemics (including H5N1 and H9N2 from group 1, and H7N2 and H7N7 from group 2). Consequently, an ideal, universal therapy should provide protection against both group 1 and group 2 influenza viruses, as well as influenza B. Attempts to isolate broadly neutralizing antibodies against group 2 viruses from animals have generally yielded antibodies reported as nonneutralizing or of only modest potency or breadth (24, (51) (52) (53) (54) (55) , and broadly neutralizing human antibodies against group 2 viruses have not been previously described. A cocktail of antibodies, such as CR6261 and CR8020, may protect against essentially all influenza A viruses implicated in human disease. Such a therapeutic cocktail would have undisputed benefits for high-risk groups, such as the elderly and immunocompromised, and for severe, life-threatening influenza infections. These antibodies also represent an ideal immunological solution to influenza infection and could serve as a guide for development of vaccines that elicit broader, long-lasting immunity. The identification and characterization of CR6261-like antibodies has already sparked considerable advances, including (i) their detection in some individuals (21) and (ii) design of immunization strategies that efficiently elicit stem antibodies in mice, ferrets, and monkeys (20, 25) .
Thus, the identification and characterization of CR8020 should facilitate similar advances for group 2 viruses, bringing us one step closer to the ultimate goal of a universal vaccine for influenza. probably too low to result in in vitro neutralization, at least at the concentration tested here. In vitro neutralization of H14 and H15 viruses was not tested. 29. All increases in body weight were statistically significant (P ≤ 0.018), except for the H7N7 challenge group treated with 3mg/kg CR8020 (P = 0.168). 31. The final model includes HA1 residues 11 to 328, HA2 residues 1 to 175, CR8020 heavy chain residues 2 to 222, and light chain residues 1 to 212. The asymmetric unit contains one HA protomer bound to one CR8020 Fab, with the additional protomers in the trimer generated by crystallographic symmetry operations. 32. In this regard, CR8020 can be thought of as being analogous to the envelope antibodies to HIV 2F5, 4E10, and Z13. These antibodies recognize the membrane-proximal external region (MPER), a short helical peptide from the gp41 subunit that is closely associated with the viral envelope. 33. CR8020 also contacts (i) HA1 residue 325, near the C terminus of the chain; (ii) HA2 residue 25, in the second strand away from CR8020 in the small sheet; (iii) HA2 residue 38, at the bottom of helix A; and (iv) HA2 residues 146 and 150, in a short helix adjacent to the sheet. In addition to protein-protein interactions, the Fab also makes contacts with the core fucose of a universally conserved glycan linked to Asn 154 in HA2, although the extent of the contribution of this interaction to the overall binding energy is unclear. www.sciencemag.org SCIENCE VOL 333 12 AUGUST 2011
